Superconducting Properties of Powder Metallurgy Processed Nb3Al Wires by 渡辺  和雄
Superconducting Properties of Powder
Metallurgy Processed Nb3Al Wires
著者 渡辺  和雄
journal or
publication title






1428 IEEE TRANSACTIONS ON MAGNETICS, VOL. MAG-23, NO. 2, MARCH 1987 
SUPERCONDUCTING  PROPERTIES OF POWDER  METALLURGY  PROCESSED  Nb3A1 WIRES 
K. Watanabe, K. Noto  and Y. Muto 
The  Research  Institute  for  Iron,  Steel  and  Other  Metals 
Tohoku  University,  Sendai  980,  Japan 
Abstract  Experimental  procedure 
Powder  metallurgy  processed  Nb3A1  wires  with  low 
areal  reduction  ratios  of  R = 8x103  to  lx104  have  been 
investigated on superconducting propertjes. We have 
done  the  optimization of high  field  Jc  values  for $4 
wt.%Al  with  different  areal  reduction  ratios. Tc was 
17.1 K for  the  sample  with  a  two  stage  heat  treatment 
such as 1200 O C  for 15 sec  followed  by  750  OC  for  3 
days in contrast  to  the  low  Tc  values  below  16 K for 
the  samples  with  a  single  heat  treatment  at  800°C.  Bc2 
for  a  two  stage  heat  treated  sample  increased  about 5 T 
at 4.2 K in comparison with a single heat treated 
sample.  The  measured  Bc2  values  were  well  fitted  to 
the  theoretical  curve  of  the  upper  critical  field.  The 
overall  Jc  values  were  measured  up  to  23  T  at 4.  K and 
3, = lo4  A/cm2 at 17.5 T was  achieved. 
Introduction 
Nb3A1  has  been  recently  explored  very  extensively 
through  various  manufaturing  processes  such as liquid 
quench'), liquid infiltration2) , jelly roll3) and 
powder  metallurgy4).  The  powder  metallurgy  processed 
Nb3A1  wires  have been reported  to  exhibit 
chqracteristics  of  smaller  strain  effect5)  and  lower  ac 
losses6) in comparison with N b p  wires. Practical 
Nb3A1  superconducting  wires  with  upper  critical  field 
Hc2  and  critical  current  density  Jc  far  exceeding  those 
of Nb3Sn  have  been  desired  as the  advanced 
superconducting  wires  for  superconducting  magnets  over 
20 T1 The  third  element  addition  such as  Ge  or Si7) 
will  extremely  improve  the  critical  current  density  at 
high  field  which  may  be  due  to  the  increase  in  the 
upper  critical  field  up  to 40 T at  4.2 K. 
We  fabricated  Nb-A1  wires  with  the  areal  reduction 
ratio of R= lx104  and 0.83 mm diameter  by  means  of  the 
powder metallurgy process which was considered as 
offering the advantage of a simple and practical 
manufacturing  process. 
This  paper  describes  the  results of Tc  and  Nc2 
measurements and the comparison with the Werthamer- 
Helfand-Hohenberg  (WHH)  theory8),  and  the  optimization 
cpnditions of Jc  at  high  field  on  the  samples  with 
several  heat  treatments. 
Manuscript  received  September 30, 1986. 
The  samples  of  PJb-awt.%Al  were  obtained  by  mixing 
powders  of  hydride-dehydride Nb (60 to  90um)  and 
atomized  A1  (5  to  40l~m),  and  then  by  coextruding  into 
wires by a cold hydrostatic extrusion followed by 
swagings.  Figure 1 shows  the  fabrication  procedure  of 
the  Nb3A1  wire.  Starting  materials  used  were  compacted 
at 1000 MPa  for 1 min,  machined  to 86 mm diameter  and 
fitted into Cu-Ni tube of 100 mm outer diameter. 
Hydrostatic  extrusion  process  was  carried  out  to 18 mm 
diameter. The Cu-Ni 'cladding material after swaging 
was  etched  away  before  the  heat  treatment.  The  samples 
were  heat  treated  wrapped  with  Ta  foil  and  sealed  in 
quartz  tube in  order to prevent  contamination. 
Various  heat  treatments to form  the  Nb3A1  phase  at 
temperatures  in  the  raqge  of 800 to 1200°C  were  carried 
hydride-dehydride powder atomised powder 
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Fig. 1. Sample  preparation  process  of  Nb3A1  by  means 
of  the  powder  metallurgy  process. 
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Fig. 2. Heat treatment using an infrared image 
furnace. All samples  were  placed  in  the  vacuum  holder 
surrounded  by  a  tantalum  mesh  to  keep  a  homogeneous 
temperature  distribution.  The  sample #NA3-1D was 
annealed  at  12OO0C  for 15 sec  followed  by  75OOC  for 96 
hours. 
out by use of an infrared image furnace. This 
programable  furnace  (Sinku-Riko,  RHL-E416P)  are 
available for applications of rapid heating at the 
maximum  rate of 1500°C/min.  As  can  be  seen  in  Fig. 2, 
all  samples  were  heat  reated  conveniently  and 
smoothly. 
The  transition  temperature  Tc  and  the  temperature 
dependence of the upper critical field Hc2 were 
measured  directly  by  a  four-probe  resistive  method.  In 
the Jc. measurements  the  samples  were  chemically  plated 
with  copper  and 1 uV/cm  criterion  was  used.  The  high 
field  characteristics  up  to 23 T  were  obtained  by  use 
of  our  hybrid  magnet  system  at  Tohoku  Univeristy') . 
Results  and  Discussion 
Figure 3 shows transition curves of T, of an 
as-drawn  s.ample of Nb-8wt.%Al  before  heat  treatment  and 
samples with various different heat treatments. The 
as-drawn  sample  indicated  two Tc values  of  7.1 K and 
9.1 K. This  result  may  suggest  that  the foker low 
T,") value  corresponds  to  the  niobium  oxide  ,including 
the  oxygen  content  of  about  1600  ppm  and  the  latter 
value  of  T =9.1 K indicates  the  pure  niobium. 
The  maximum Tc value  of  17.1 K was  obtained  when  a 
12OO0C  treatment  was  followed  by  a  750°C  anneal. T, 
decreased with increasing time duration of a,, heat 
treatment  at 1200'C. The  samples  annealed  at  1200  OC 
for 60 sec  and  at  900°C  for 96 hours  also  exhibited  two 
TC . values. The lower Tc may be that of an 
unhomogeneous region including Nb2A1. The low T, 
values  below 16 K  were  observed  for  the  samples  with 
a  single  heat  treatment of 800°C or 900'C. 
From  a  standpoint of I it  is  important to obtain 









Fig. 3.  Normalized transition curves of Tc for an 
as-drawn  sample  before  heat  treatment  and  various  heat 
treated  samples  were  measured  by  a  resistive  method. 
Figure 4 shows  the  temperature  variation of €Ic2 
for  the  samples  with  heat  treatments  of  1100°C  followed 
by  750°C.  Hc2(T)  in  all  samples  has  positive  curvature 
near Tc. Therefore,  solid  lines  were  fitted  to  the WHH 
theory  by  neglecting  a  nonlinear  part  near  Tc. The 
slope  (dHc2/dT)T=T = 2.4 T/K  wag  determined  and  the 
caiculated Hc2 (T=O  K)  value  was  27.5  T  for  the  sample 
# NA2-2D. As can  be  seen,  HC2(T)  obeys  the  theoretical 
Fig. 4. Temperature dependence of Hc2. The Maki 
parameter a and the, spin-orbit  scattering  effect X, 
were  calculated  by  the  WHH  theory.  TcWHH(K)  means  the 
Tc  value  fitted  to  the  theoretical  curve  by  neglecting 
a  posistive  curvature. 
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Fig. 5. Jc versus  applied  field B for  Nb3A1  with  the 
low areal reduction for various heat treatments. A 
3wt.%Al  sample  was  also  measured  for  reference. 
curve  with  the  limitation of the  spin-orbit  scattering 
effect,  which  suggests  that  there  is  no  paramagnetic 
limiting. 
The measured J, values as a function of the 
magnetic  field B are  shown  in  Fig. 5. The  two  step 
heat  treatment  improved  the Jc  properties  in 
Nb-?wt.%Al,  while  in  Nb-3.6wt.%Al,  which  was  examined 
for  comparison,  there  was  almost  no  improvement  through 
this  heat  treatment. 
The influence of the areal reduction on Jc is 
shown  in  Fig. 6. In  the  same  condition  of  a  heat 
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Fig. 6. Reduced Jc at 15 T versus areal reduction 
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Fig. 7. Reduced  Jc  at 15 T as  a  function  of  first  step 
reaction  time  at  llOO°C  in  the  two  step  heat  treatment. 
treatment, Jc is a strong function of the areal 
reduction.  The  areal  reduction R obtained  by  Thieme  et 
al.4r10)  is  30  times  larger  than  that  of  our  sample 
with  R=l.3x104,  but  the  Jc at 15 T slightly  increases 
by  a  factor  of 1.4 in  comparison  with  ours.  On  the 
other  hand,  although  the  sample  with  R=1.3x104  had  only 
1.6 times larger reduction than the sample with 
R=8.  3x103,  the  Jc  at 15 T  varies  by  a  factor of 4. 
This  suggests  that  the  time  duration  of  the  A1 
1 ' . . F  
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Fig. 8. Comparison  of overall  critical  current 
density Jc in  several  Nb-8wtq;Al  samples. 
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diffusion  into Nb is very  sensitive  for  formation of- 
A15  phase  in  this  size  region of Ms. There  might  exist 
other parameters which determine the value of Jc. 
Therefore,  we  investigated Jc  as  a  function  of  reaction 
time  for  the  sample  with  R=8. 3x103. As  can be seen 
from  the  results  shown  in  Fig. 7, the  low  reduction 
sample  with  R=8.  3x103  has  become  comparable  to  the 
sample  with  R=l.lx104  by  increasing  reaction  time  at 
11oooc. 
Figure 8 shows  the  obtained  Jc  values  with  the low
areal  reduction  in  comparison  with  the  liquid  quench 
processed  samples  and  the  very  high  areal  reduction 
samples. The sample prepared by the liquid quench 
technique  has  excellent  high  field  Jc properties'). 
The  powder  metallurgy  processed  sample  with very.large 
reduction  and  two  step  heat  treatment  also  shows  high 
Jc values"). We  have  done  the  optimazation  of  Jc  for 
the  samples  even  with  the  low  areal  reduction  of (8 
10)x103.  The  overall  Jc  values  up  to  lo4 A/cm2 at  17.5 
T  and  4.2  K  were  observed  for  the  sample  with  the  heat 
treatment  optimized  at  12OOOC  which  was  attempted  to 
improve  the  high  field  performance.  This  fairly  high 
Jc  value  with  the  lower  reduction  gives  the  future 
expectation  to  improve  high  field  performance  for  the 
practical  industrial  fabrication. 
Summary 
The transition temperature Tc, the temperature 
dependence of the  upper  critical  field  Hc2(T)  and  the 
critical  current  density Jc  of  Nb3A1  wires  with  the  low 
areal reduction prepared by the powder metallurgy 
process were investigated. The fairiy good super- 
conducting  properties  in  this  material  even  with  the 
low  areal  reduction  were  achieved.  This  gives  us  the 
prospect  to  realize  the  industrial  fabrication. 
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